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Abstract—The introduction of PHM based RCM has been a 
slow process and may be too big a step to be achieved in a 
single bound.  We need an incremental way forward that 
deploys the elements of RCM founded on PHM such that 
each step is self-financing and lays the foundations for the 
next stage of deployment leading to a finished system and 
process.  1 2 
PHM based RCM is focused on the deployed equipment 
and its components: failure modes and progression, and 
assessing the equipment’s current state.  Much of the 
“barriers to entry” to PHM based RCM lie in the cost and 
time required to understand and validate the former, and the 
cost, complexity and dependability of the latter.  However, 
this is but part of the problem.  The integration of subsystem 
PHM system into the air vehicle, physically and as an 
integrated vehicle health management [IVHM] system, adds 
cost, weight and complexity, plus introducing its own issues 
of reliability and maintainability.   
Additional acquisition and operating costs are needed to 
create the total system sustaining the embedded IVHM 
provisions, encompassing the operational base(s), depot(s), 
operational command, program office, logistical support 
and the prime contractor and subordinate supply chain 
organizations. (Here considering a military platform.) 
A key perspective is that IVHM is a dynamic and evolving 
process throughout the service life of the platform, not fully 
qualified and fixed embedded provisions.  As a result 
ongoing involvement of operational, maintenance, technical 
support, and engineering design and development 
organizations is required throughout platform service life, 
actively managed by the responsible program office in a 
total life cycle systems management (TLCSM) process.  
This paper proposes a structured plan to define, develop and 
deploy the total PHM based RCM process and system in 
stages, each stage building on the former but otherwise 
paying its way while enabling and facilitating the next stage 
of deployment.  This perspective is applied to IVHM 
implementation for both existing platforms and new 
developments as its most challenging and rewarding 
application.  
 
1U.S. Government work not protected by U.S. copyright. 
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1. INTRODUCTION 
We have a good understanding of what is required and 
expected of prognosis and health management (PHM) in the 
context of CBM+, defined via Reliability Centered 
Maintenance (RCM), for integrated vehicle health 
management [IVHM].  Furthermore, IVHM provides the 
greatest challenge to CBM+ in terms of complexity and 
possible interactions.  IVHM also implies a high volume of 
data gathering and analysis with a concomitant level of 
synergy and shared resources.  Thus the topic of this paper, 
the implementation of prognostic health management 
[PHM] based reliability centered maintenance [RCM] is 
considered in the context of IVHM.   
In a paper presented last year at this conference [1] I 
discussed the key role of RCM (as illustrated in Figure 1) in 
deploying PHM in a CBM+ (“condition based maintenance 
plus”) environment,.  A crucial element was noted: “The 
need for failure modes and effects criticality analyses 
(FMECA) for the weapon system equipment is evident, and 
is central to the RCM process.  A critical feature is the 
indicated feedback from "in-service data and 
operator/maintainer input" (presumably including depot 
repair and overhaul findings).  This becomes an overarching 
requirement for…data acquisition, communication and 
analysis to maintain a representative FMECA”, and to 
update RCM task evaluation and selection.  
Considering this essential element in deploying and 
maintaining RCM+ based IVHM, I have been led to expand 
the scope of IVHM to incorporate the implied supporting 
infrastructure into what might be characterized as “big I, big 
M” IVHM system.  A notional illustration of the 
stakeholders and participants in this ramification of IVHM 
appears in Figure 2.  This “operational view” attempts to 
capture the essence of the communication network intended 
for current attempts to deploy and sustain IVHM. 
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Figure 1 – Reliability Centered Maintenance Process 
Extracted from NAVAIR 00-25-403 [4] 
 
However, the path to this vision has proved more difficult 
and slower than we had hoped.  It appears that the 
introduction of PHM based RCM may be too big a step to 
be achieved in a single bound.  We may need to define and 
implement a way forward that deploys the elements of 
IVHM incorporating RCM+ piecemeal, in such a way that 
each step is self-financing and lays the foundations for the 
next stage of deployment leading to a finished system and 
process.   
The common perception of PHM based RCM is focused on 
the deployed system and its components: on failure modes 
and their progression, and ways and means of assessing 
their current state.  Much of the “barriers to entry” to PHM 
based RCM lie in the cost and time required to understand 
and validate the former, and the cost, complexity and 
dependability of the latter.  However, this is but part of the 
problem.  The integration of PHM into the air vehicle and 
subsystems, physically and as an integrated vehicle health 
management [IVHM] system providing information 
communication, storage, and fusion logic, adds cost, weight 
and complexity - thus introducing its own issues of 
reliability and maintainability.   
From this perspective we often consider the IVHM system 
as an embedded feature of the vehicle, essentially complete 
and self sustaining in assessing vehicle system health and 
generating appropriate information and instructions to the 
maintainer, and any necessary flight deck indications to the 
vehicle operator(s).  See Keller, Majkowski and Swearingen 
[5] for an example of this focus, which also addresses 
concerns similar to those considered below.   Parker [7] also 
reflects this common view, as does private correspondence 
with Cranfield University’s Integrated Vehicle Health 
Management Centre of Excellence.  Paris & Trevino [9] 
similarly limits the scope of “IIVM” for space systems.   
This paradigm, the standalone IVHM system, presumably 
communicating to the line maintainer through an onboard 
display or download to an off-board workstation, implies 
adequate fore-knowledge of the equipment failure & 
degradation modes, their drivers and the impacts of varying 
operating conditions.  It may ignore the broader 
infrastructure of formal and informal communication 
between the platform operator, the maintainer, the depot and 
the broader logistics and technical support community that 
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This focus may also gloss over inherent uncertainties in 
equipment health management and the resultant evolution of 
the maintenance process, as known failure and degradation 
mode characteristics and rates become better known, either 
better or worse than anticipated from design and 
development, and new failure and degradation modes 
emerge.  This continuous maintenance process improvement 
(See Cortez, Keller & Poblete [11] for a similar process 
focus.) and the mitigation of emerging risks, must be 
provided for in any truly adequate IVHM process.  The 
broader support community is invested in managing this 
process, the heart of RCM, so these requirements should be 
considered in the design of IVHM systems.   
However, this does not always happen.  Conventional 
health management processes, their costs and limitations are 
an accepted factor in platform sustainment, and it bridges 
across the operational, line maintenance, depot, logistics, 
technical support, engineering and programs organizations.  
Managing such wide ranging change is difficult at best, and 
daunting given the variation in health management practices 
and provisions between different platforms, and types of 
aircraft systems.   
Another other element of this picture is the increased 
availability of formal records of maintenance findings and 
actions, linking line maintenance with depot findings.  
Analysis of such reliability data bases [RDB] have proven 
to offer much more than a resource for ad hoc investigation 
of arising reliability problems, they can illuminate the 
overall availability and reliability of the platform, drill down 
to equipment problems, and provide the linkage between 
operational usage, equipment reliability and optimal parts 
lifeing, and condition based maintenance.  (See my analysis 
of FA-18E/F engine removals [2] for an example of RDB 
analysis and a discussion of the role of RDB in my paper 
presented at the 2008 IEEE Aerospace Conference [3].)   
Implementing this level of IVHM/RCM integration, 
distributed over the span and scope illustrated in Figure 2, is 
essential to deploy cost effective total life cycle systems 
management [TLCSM]. (See reference [3].)  Only this level 
of integration promises the ability to radically reduce 
operating costs and sustainment inventories, maximize 
platform availability and safety, and optimally manage 
reliability by making available all relevant information to 
the diverse actors and enable a coordinated response.  
Bajwa et al [8] (See their Fig. 3.) recognizes this integration 
challenge as an ongoing effort in the context of a space 
flight system.  Jaw & Merrill [10] shows similar elements in 
their “CBM+RE” concept.   
Schroeder and Clark [6] define an approach to develop the 
needed shared data bases and analysis tools.  Combining 
these with Keller, Majkowski and Swearingen’s [5] 
architectures for IVHM outlines some options for IVHM 
system functional allocations supporting the interactions 
illustrated in figure 2. 
Furthermore, a key objective of this level of IVHM/RCM 
integration is reduction in the cycle time to address 
emerging safety, reliability and availability issues.  By 
preempting the bulk of the impact of disruptive problems an 
integrated IVHM/RCM process will minimize operational 
risk and sustainment costs.  
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2. PROBLEM STATEMENT  
In the bandwidth and resource constrained military context 
the integrated IVHM/RCM process envisioned in Figure 2 
must compete with a host of higher priority data traffic, 
processing, storage, retrieval & analysis needs.  Even in 
commercial operations the infrastructure investments and 
ongoing costs need to be justified by cost savings and 
greater equipment and personnel productivity.  
Further, consider the scarcest resource: trained, experienced 
and capable technicians and engineers able to comprehend 
and analyze the problems exposed and invent & create cost-
effective and timely solutions.  Our existing resources are 
straining to deal with the information and challenges thrown 
off by existing procedures and IVHM capabilities.   
The total life cycle cost of the proposed integrated 
IVHM/RCM system may outweigh that of the PHM 
provisions embedded in the platform.  Managing the 
definition, development and deployment of such radical 
change across diverse platforms with varied levels of IVHM 
capability appears daunting.  Yet without this level of 
integrated IVHM/RCM we will not see the full benefits of 
investments in platform IVHM.   
Our problem is the justification of investment in a 
comprehensive IVHM/RCM system as we piecemeal deploy 
more capable IVHM provisions in new platforms and 
consider upgrading legacy platforms (often to address 
unique reliability issues in isolation).  Even in the unlikely 
event of a coordinated effort across multiple programs as 
platforms are equipped with IVHM provisions, this is not 
achievable.  Such an incremental, platform by platform, 
approach will only gradually eliminate the inefficiency, 
ineffectiveness and low productivity of the existing 
sustainment processes.   
Yet, a revolutionary approach involving IVHM deployment 
across all assets with a sweeping introduction of the 
IVHM/RCM process appears high risk, potentially 
operationally disruptive and possibly unaffordable in 
reasonable timeframe.  We need a deployment plan that 
supports incremental platform IVHM deployment but which 
generates savings as it proceeds, savings that justify the 
necessary investments over a reasonable horizon, in years 
not decades. 
3. WAY FORWARD  
What if we turn the problem on its head?  Rather than 
focusing on platform IVHM and an IVHM sustainment 
process that delivers fully on the potential returns to this 
technology, can we justify the IVHM/RCM process change 
and infrastructure investments without presuming 
concurrent widespread adoption of platform IVHM? 
Reconsider Figure 2 in this light.  What returns to 
investment can we envisage in deploying the off-board 
elements of the IVHM/RCM vision of Figure 2 sequentially 
– even prior to widespread IVHM provisions embedded in 
the platforms?  Figure 3 illustrates a possible timeline for 
phased fleet-wide capability deployment that builds up the 
elements of comprehensive IVHM progressively. 
The early stages are foundational in enabling the later 
deployments, but offer immediate payoffs in fleet readiness 
and reduced sustainment costs.  The later stages exploit the 
deployed resources to provide additional and enhanced 
capabilities that also feed back into improvements in the 
capabilities already in place.    
Infrastructure (communications, analysis tools & skilled 
personnel) is built as required, with the costs spread over 
time and a larger base, exploiting synergies, standardization 
and learning across legacy and new platforms.  Laying the 
foundation sustaining IVHM prior to full implementation of 
PHM based, RCM defined IVHM also establishes the data 
base required to serve both legacy system IVHM upgrade 
and inform RCM activities to define optimal IVHM for 
pipeline and future programs.    
Reliability Data Bases 
The evidence from work with the F/A-18E/F RDB [2], a 
reliability data base that integrates line and depot 
maintenance records, including pilot “squalks” and 
technical support recommendations, is positive despite 
limited and ad hoc usage.  Investment in more consistent 
and sustained analysis of RDB should readily pay for itself 
in improved maintenance management, procedures and 
outcomes.   
Automated analysis of maintenance actions and findings vs. 
outcomes should highlight emerging issues early to preempt 
excessive costs and logistics & operational disruption.  
Dissemination of this information to technical support 
technicians and responsible engineering personnel should 
improve the timeliness, quality and productivity of their 
efforts.  Such information is the essence of effective RCM 
and the basis for continuous improvement of condition 
based maintenance procedures to improve reliability with 
reduced maintenance effort and cost.  
Operational Usage Data 
Available records of operational usage and exposure can 
also be made accessible to RDB and RCM analysts for 
correlation with RDB data to enable usage based lifeing of 
equipment and components.  Accounting for this source of 
variance should further increase platform reliability and 
availability with attractive cost/benefit ratios.   
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Figure 3 – Phased Fleet-wide Capability 
 
Operations and Logistics  
More reliable knowledge of future maintenance arisings and 
better understanding of the impact of operational usage on 
platform availability should enable improvements in 
operations planning and logistics management, given 
appropriate analysis tools and staff.  
Logistical Support, Line & Depot Maintenance 
The same information should enable leaner logistics 
delivering the necessary parts “just in time” for reduced 
inventory investment and obsolescence costs.  Similarly, 
improved knowledge of future arisings and the expected 
work scope, parts requirements and outcomes should 
improve maintenance turnaround and cost performance 
while reducing manning levels through improved 
productivity. 
Prime Contractors and Supply Chain 
Timely availability of detailed information on operational 
usage and enhanced understanding of platform & equipment 
reliability should enable earlier availability of better quality 
equipment configuration change to counter emerging 
reliability challenges, and improved communications and 
coordination should raise the bar for technical support.  This 
improved knowledge of the drivers of poor reliability and 
availability in both usage and design will facilitate moving 
to performance based logistics (PBL) even in the absence of 
embedded IVHM.  
Improved engineering and development understanding of 
usage and outcomes should also enable more suitable and 
sustainable new platform development. 
Program Management and Execution 
As these IVHM/RCM building blocks are put into place and 
integrated to provide program leadership and engineering & 
development better information and knowledge, we should 
expect improvements in program technical, cost and 
schedule performance and risk.   
An integrated IVHM/RCM process at the program level 
should integrate all of the above to yield a more responsive 
and effective “condition based maintenance plus” [CBM+] 
initiative for maximum leverage of the available 
information.  Faster maturation of the IVHM system and 
CBM+ can be expected based on a well developed RCM 
process, greater knowledge of usage & equipment 
characteristics and more experienced and better informed 
personnel across the program.  
Platform Embedded IVHM 
The knowledge base built up in incrementally deploying an 
IVHM/RCM infrastructure should improve the specification 
and definition of eventual embedded IVHM provisions, 
based on a deeper knowledge of the reliability and usage 
equipment in service, organizational needs and payoffs.  It 
should also enable greater commonality in IVHM/RCM 
implementation, with standardized and more completely 
defined interfaces with the off-board elements of the 
IVHM/RCM system.   
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4. CONCLUSIONS 
It appears justifiable to recommend further study of the 
proposed bottom up (but strategic) deployment of integrated 
IVHM/RCM systems, to better define the costs and benefits 
at each stage and determine if the suggested incremental 
approach could better sustain the investments required to 
exploit modern information management and 
communication capabilities in building an integrated 
IVHM/RCM process to provide more effective CBM+.  
Incremental development and deployment of the elements 
of a comprehensive IVHM/RCM system should yield 
several other advantages. 
a) Lower development risk and the opportunity to 
implement change tentatively, learning and 
improving to achieve better results. 
b) Provision and expansion of the communication 
networks and data processing infrastructure can be 
phased in as justified and needed by growing 
IVHM/RCM capabilities. 
c) The recruiting and training of the needed high skill 
level workforce will be progressive, not traumatic, 
with the ability to migrate key skills to follow the 
implementation and deployment of the various 
elements.  The paced and learning focused 
implementation will also allow experimentation 
with differing approaches to using organic vs. 
outsourced expertise, integrated with the use of 
different PBL paradigms.  
The challenges faced in the proposed incremental 
IVHM/RCM implementation process are the same as those 
that can be expected to handicap piecemeal IVHM 
deployment and maturation on a platform by platform basis 
– coordination of change across multiple organizations and 
assurance of IVHM/RCM implementation compatibility and 
commonality across programs.  However, these challenges 
are faced sequentially with lower levels of risk and the 
probability of a coherent and comprehensive 
implementation appears better.   
Nevertheless, the proposed approach requires a thorough 
and systematic application of systems engineering to 
establish and maintain a comprehensive IVHM/RCM 
architecture responsive to key stakeholder concerns and 
needs with enough flexibility to exploit lessons learned 
along the way.  Well defined but adaptable interface 
specifications will be essential early on to assure 
compatibility. 
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